Drastic changes occur during the formation of the intestinal loop (IL), including 27 elongation, physiological umbilical herniation (PUH), and midgut rotation. 28
the start of the IL (S), the end of the IL (E), the cecum (C), the tip of the IL (T) , 130 and point B, located where the border between the abdominal coelom and 131 extraembryonic coelom (specifically the umbilical cord) crossed the straight part 132 of the colonic portion of the IL. S and E were defined as the most obvious dorsal 133 inflection points on the 3D image and may correspond to the points at which the 134 length of the mesentery drastically changed as described by Soffers et al. 135 (2015) . 136
The lengths of the duodenum (segment PS), small intestinal part of the IL 137 (segment SC), and large intestinal part of the IL (segment CE) were measured. 138
The distance from E to the rectum was not measured because it was difficult to 139 precisely locate the colorectum within the pelvic cavity using our methods. The 140 heights of T, B, and C were measured to estimate the extent of PUH (Fig. 1c) . 141 Point T corresponded to the entry of the omphaloenteric duct, which could 142 occasionally be visualized. The z-coordinate of each landmark was recorded as 143 its height. CRL and maximal abdominal transverse length were used as 144 references for embryonic axial growth and width, respectively. To estimate the 145 position and rotation of the IL at points S and E, the angle between the median 146 plane and segment SE was calculated (angle of rotation, ∠Ro). The angles 147 formed with the median plane by points S and E were measured as ∠s and ∠e, 148 respectively, and the length of segment SE was also measured (Fig.1d) . 149
The ethics committee of the Kyoto University Graduate School and Faculty of 150
Medicine approved this study (E986). 151

Results
153
Morphological changes of the intestinal tract during the embryonic period 154
The 3D anatomy of the intestinal tract was reconstructed using Amira (Fig.  155 2). The IL's development of a complex coiled, spiral structure during 156 development was successfully visualized. Elevation of the intestinal tract was 157 already observable at CS 14 (Fig. 2a) , though points S and E were not clearly 158 defined. From CS 16 onward, points S and E and the cecum were clearly 159 recognizable. At CS 16, point T was located near the border between the 160 abdominal coelom and extraembryonic coelom. The border area was broad and 161 tilted caudad, making it difficult to determine whether the tip of the intestine had 162 entered the umbilical cord or not. Both the duodenum and colorectum ran 163 parallel to the median plane, with the duodenum shifted slightly to the right and 164 the colorectum shifted slightly to the left. The IL connected both parts obliquely 165 like a bridge. Viewed ventrally, the tract formed a crank shape (Fig. 2a) . 166
At CS 17, PUH of the intestine, including the cecum, was evident (data not 167 shown). By CS 18, the intestine had elongated and formed a straight tube like a 168 hairpin (Fig. 2b) . The SMA ran straight, parallel and proximate to both the 169 efferent and afferent parts of the IL. The efferent part was on the right of the 170 SMA, and the afferent part was on the left. The cecum and vermiform appendix 171 could be distinguished to the left of the SMA in the umbilicus. 172
From CS 19 onward, the small intestinal portion of the IL began to show 173 marked elongation and coiling, whereas the large intestinal portion remained 174 almost straight until CS 23 (Fig. 2c) . At these later stages, point E was located 175 near the left gonadal ridge and metanephros, which were caudal to the origin 
Physiological umbilical herniation of the intestinal tract 193
The heights of the point of PUH and the border of the abdominal coelom 194 increased gradually, at a rate similar to the increase in CRL (Fig. 4) . The height 195 ratios between T and B and between C and B were almost constant between CS 196 17 and CS 23 (T to B, 1.79-2.13; C to B, 1.10-1.38). The cecum could 197 consistently be located at the proximal part of the umbilical cord, implying that 198 the main part of the colorectum remained inside the abdominal coelom. 199
Movements of the intestinal tract 201
Points S and E were plotted on the coordinates with the proximal part of the 202 SMA as the origin (Fig. 5a) (Fig. 6) . Notably, segment SE was rotated around the SMA only during 215 earlier stages (up to CS 17); after CS 18, it moved caudad from the origin (Fig.  216   5a) . 217
The movements of points S and E relative to the SMA were measured by 218 their angles to the median plane. From CS 16 to CS 17, ∠s increased from 59.9° 219 to 106.8°; by CS 23, it was 184.1°. In contrast, ∠e remained almost constant 220 from CS16 to CS23 (changing from 25.5° and 44.6°).
The cecum was consistently located to the left of the SMA, generally at a 222 distance of 500 to 1000 µm, though position varied as development proceeded 223 (Fig. 5b) . We observed the origin (the proximal part of the SMA) to be located along 249
counterclockwise, it pushes the rest of the intestinal tract with it. However, 256 movement of point E was not conspicuous in the present study; indeed, the 257 position of point E relative to the origin was very stable, and what movement 258 there was caudad. We observed the elongation of segment CE to be relatively 259 slow, with the colorectum not playing a prominent role in the observed events. 260
On the other hand, the position of S to the origin, expressed by ∠s, 261 changed dramatically during development, rotating nearly 180° during PUH, and 262 the rate of elongation of the duodenum was similar to that of the increase in CRL. 263
The movement of point S was caudad, almost along the medial plane. These 264 findings suggest the movement of the start of the IL may be appropriately 265 explained as the result of differential growth rather than rotation around the 266
SMA. 267
The distance between S and E was almost constant. Maximal abdominal 268 transverse length increased by only 2.6 times from CS 16 to CS 23, so the final 269 ratio of distance between S and E to abdominal transverse length was rather 270 small. Point S was located almost in the median plane at CS 20, though the time 271 at which it reached this position was earlier than previously described (Mall, S and E were defined as the most obvious dorsal inflection points on the 300 3D image in the present study. In Soffer et al.'s study (2015), using a lateral view 301 of a 3D reconstruction, two inflections concomitant with the change in length of 302 the mesentery were clearly observed at points corresponding to S and E in our 303 study. The point of inflection on the anal side was consistent with the boundary 304 of blood supply between the SMA and inferior mesenteric artery, whereas the 305 point on the oral side was located within the blood supply of the SMA. Thus, 306
Soffers et al. regard the duodenum and proximal jejunum, including the inflection 307 points, as part of the midgut loop, namely the first of four secondary loops of the 308 midgut loop. The first secondary loop (proximal duodeno-jejunal loop) differed 309 from other three loops in that the mesentery was thin at the oral side of the 310 inflection, the elongation speed was not so rapid, and no tertiary loop was 311 formed in that region; further, it was rotated 180 degrees relative to the SMA. 312
These observations were almost consistent with ours, though the region was 313 observed as part of segment PS (duodenum) in our study. Our results indicate that rotation is a passive event both at earlier stages 349 (CS 14-16) and at later stages (after CS17) (Fig. 7) . The movement of segment 350 SE may be explained as differential growth rather than rotation around the origin 351 
